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NEW & NOTEWORTHY

Lung diffusing capacity for CO (DLCO) is generally reduced in idiopathic interstitial pneumonias but moderately correlated with the severity of computed tomography-determined fibrotic process. In the present study, lung diffusing capacity for nitric oxide (DL
USUAL interstitial pneumonia-idiopathic pulmonary fibrosis (UIP-IPF) and nonspecific interstitial pneumonia (NSIP) are diffuse inflammatory and fibrotic lung diseases conventionally grouped under the term of idiopathic interstitial pneumonias (IIPs) (45) . The differentiation between UIP-IPF and NSIP is based on chest computed tomography (CT), with prevalence of reticular opacities and honeycombing (RO-HC) in the former and ground glass attenuation (GGA) in the latter (45) . Lung function studies in IIPs generally show a restrictive disorder with decreased lung diffusing capacity for carbon monoxide (DL CO ) (30) and are deemed to be useful for patients staging and prognosis (40) but not for differentiating UIP-IPF from NSIP.
The functional abnormalities of IIPs are consistent with loss of alveolar surface area and thickening of air-to-blood barrier (23) although a reduced DL CO may also reflect changes in pulmonary circulation (42) . Indeed, previous studies have shown the DL CO decrement to be moderately correlated with the extent of fibrotic changes on CT scan (5, 27, 49) . Because the limit to CO transport is by ϳ80% due to its reaction rate with blood hemoglobin (Hb) (34) , DL CO is relatively insensitive to changes in alveolar membrane diffusive conductance (DM CO ). Unlike CO, nitric oxide (NO) has a much faster rate of association with Hb and its alveolar-capillary uptake could be considered dependent by diffusion alone because the chemical reaction is not limiting (35) . Therefore, the diffusing capacity for NO (DL NO ) can be regarded as a more sensitive measurement of gas transport across the alveolar membrane (9, 22) . Moreover, simultaneous measurements of dual DL NO and DL CO (DL NO -DL CO,dual ) have been proposed to separate the contributions of DM CO and pulmonary capillary volume (V C ) to gas transfer (9, 22) . By using this approach, two studies have suggested that DM CO and V C are greatly and equally reduced in IIPs (46, 50) . One study (50) also investigated the relationships between DL CO components and CT findings and failed to show significant correlations between DM CO or V C decrement and the extent of RO-HC or GGA. One possible reason for this unexpectedly negative finding is that the amount of RO-HC, which is supposedly the major reason for diffusion limitation in IIPs, was small compared with the extent of GGA.
The present study was undertaken to test the hypothesis that the measurement of DL NO may provide an assessment of the severity of fibrotic process in IIPs more sensitive than DL CO and whether differences exist between UIP-IPF and NSIP due to a different impairment of DM CO or V C .
METHODS
Subjects.
We used retrospectively collected data of 60 Caucasian patients with clinical and radiological features of IIPs referred to Respiratory Pathophysiology Unit for a complete pulmonary func-tion evaluation between February 2013 and May 2015. Thirty of 60 patients fulfilled all CT criteria of UIP-IPF pattern whereas the remaining half showed CT features suggestive of idiopathic NSIP (45) . None of them had clear symptoms/signs or specific serum markers of an underlying autoimmune process, or environmental/ occupational exposure to fibrogenic dusts, or fibrogenic medications. All lung function measurements and CT scans were obtained before patients started any specific pharmacological treatment. Eighty-one matched healthy subjects, selected among active and retired white-collar workers tested for surveillance purposes, served as a control group (Table 1) . Before lung function testing, dyspnea was evaluated with the modified Medical Research Council (mMRC) questionnaire according to a 5-point grading scale (17) . The study protocol was approved by the Regional Ethics Committee (Registry no.: P.R. 170REG/2015), and written informed consent was obtained from each subject before use of his/her personal data.
Standard lung function measurements. All lung function measurements were obtained at an altitude of ϳ100 m above sea level. On study day, a 1.5-ml arterial blood sample was drawn by radial artery puncture and blood gases were analyzed while patients were in a sitting position and breathing room air (ABL90 Flex, Radiometer, Copenhagen, Denmark). Concentrations of Hb ([Hb meas]) and carboxyhemoglobin ([COHbmeas]) were measured, and alveolar-arterial oxygen tension difference [P(A-a)O2] was calculated (43) . Spirometry was measured by using a mass flowmeter (SensorMedics-Viasys, CareFusion; Höchberg, Germany) with numerical integration of the flow signal (36) . Absolute lung volumes were obtained with the subjects sitting in a whole body plethysmograph (V62J,SensorMedics-Viasys, CareFusion). After at least four regular breaths, thoracic gas volume was measured with the subject panting against a closed shutter at a frequency ranging from 0.5 to slightly Ͻ1.0 Hz with his/her cheeks supported by hands. Then the shutter was opened and the subject took a full deep breath to total lung capacity (TLC) before forcefully expiring to residual volume (RV) for Ն6 s until a plateau on volume/time curve was observed. This maneuver allowed calculating functional residual capacity (FRC) from thoracic gas volume, TLC, RV, forced vital capacity (FVC) and forced expiratory volume in 1 s (FEV 1) (48 (37) .
Dual DLNO-DLCO measurement. Single-breath DLNO-DLCO,dual (9, 22) were measured (MasterScreen PFT System, Jaeger-Viasys, CareFusion) from the exponential disappearance rate of NO and CO with respect to helium (He) in exhaled air (32, 33) . A gas mixture containing 0.28% CO, 9.0% He and 21% O 2, balanced with N2, was mixed with 450 ppm NO in N2 mixture (SOL S.p.A., Monza, Italy). The final concentrations of NO and O2 in the plastic . UIP-IPF, usual interstitial pneumonia-idiopathic pulmonary fibrosis; NSIP, nonspecific interstitial pneumonia; FVC, forced vital capacity; FEV1, forced expiratory volume in one second; TLC, total lung capacity; DLCO,stand, standard single-breath lung diffusing capacity for carbon monoxide (CO); VA, alveolar volume; PaO2 and PaCO2, partial pressures of oxygen (O2) and carbon dioxide (CO2) in arterial blood; P(A-a)O2, alveolar-arterial O2 tension difference; ND, not done. Symbols indicate statistically significant (P Ͻ 0.001) differences versus controls (*) and between groups ( †) by ANOVA and Holm-Sidak or Dunn's method and unpaired Student's t-test whenever appropriate. bag containing the gas mixture to be inhaled were 40 ppm and 19.1%, respectively. The apparatus was calibrated for gas fractions using automated procedures. The linearity of the electrochemical cell was checked by factory and at regular intervals of 1 mo at most. The subject was in a relaxed sitting position, wearing a nose-clip and breathing quietly through a mouthpiece with filter connected to a screen-type pneumotachograph. After breathing 4-5 stable tidal volumes, he/she was requested to perform a full expiration to RV. Then a valve was opened allowing the subject to forcefully inhale the gas mixture to TLC. A breath-hold time of ϳ5-s duration was then requested, followed by a rapid expiration to RV (1). The total breath-hold time was calculated from the beginning of inspiration, minus 30% of inspiratory time, to the middle of expiratory gas sampling (32, 33) . The first 750 ml of expired gas were discarded and the following 750 ml were sampled from the bag to be analyzed for NO, CO, and He fractional concentration. When the subject's vital capacity was Ͻ2.00 liters, the washout volume was reduced to 500 ml (33) . The values of DL NO-DLCO,dual were accepted if two successive measurements were within 17.2 and 3.2 ml·min Ϫ1 ·mmHg Ϫ1 , respectively, and the mean value of two properly performed maneuvers was retained for analysis (52) .
Calculations of pulmonary diffusion components. DM CO and VC were calculated by assuming either infinite (22) or finite (7, 8) value for NO specific conductance with blood Hb ( NO). Moreover, an Hb conductance for CO (CO) of 0.588 Ϯ 0.02 ml CO·ml blood Ϫ1 ·min Ϫ1 ·mmHg Ϫ1 was determined, at a mean calculated alveolar O2 partial pressure P AO2 of 100 Ϯ 4 mmHg (43), by modified Forster's equation (18) as follows: ) were set at 14.6 and 13.4 g/dl for males and females, respectively (14) . By assuming an infinite (ϱ) NO value for DMCO (DMCO,ϱ) and VC (VC,ϱ) calculation, DLNO was equivalent to DMNO which in turn was equal to DMCO·1.97 depending on NO and CO physical diffusivity ratio (d·␣)NO/(d·␣)CO where d and ␣ are the diffusion coefficient and solubility of the relevant gas in water at 37.5°C, respectively (35) . When a finite NO value of 4.5 ml NO·ml blood Ϫ1 ·min Ϫ1 ·mmHg Ϫ1 was used (10), DMCO and VC values were calculated, using a mean NO/CO ratio (k) of 7.66 Ϯ 0.28 (DMCO,7.66 and VC,7.66, respectively) as follows: DM CO,7.66 ϭ 0.377
Predicted values for DLNO-DLCO,dual, DMCO,ϱ and VC,ϱ were from Aguilaniu et al. (1) . Chest CT scanning. In all patients, within 30 days from pulmonary function testing, a thin-section CT of the entire chest was routinely obtained, at inspiratory breath-hold, in supine position by a multidetector row spiral scanner (SOMATOM Emotion 6, Siemens AG Medical, Forchheim, Germany). Image reconstruction was performed with a slice thickness of 1-mm increments. Density of the whole lung was calculated from CT number (Hounsfield units) and parenchymal volume (19) . CT scans were independently evaluated by two experienced readers (G.B. and C.B., with the latter being blind to both clinical diagnosis and lung function data) at the following six axial levels: 1) aortic arch, 2) carina, 3) pulmonary venous confluence, 4) midpoint between level three and level five, 5) 1 cm above the dome of the right hemidiaphragm, and 6) 2 cm below the dome of the right hemidiaphragm (12, 47) . At each level, areas of lung parenchyma showing findings suggestive of alveolar-interstitial inflammatory, i.e., GGA, or fibrotic, i.e., RO-HC, changes were visually bounded (26) and their volumes computed by a tridimensional segmentation software (ITK-Snap 3.2, Philadelphia, PA) (Fig. 1) . In each patient, the total percentages of lung volume with GGA and/or RO-HC were obtained by dividing them by total parenchymal volumes found at the six selected axial levels.
Statistical analysis. To avoid age-, height-, and sex-dependent biases, lung diffusing capacity data were expressed as z-score. This indicates how much a measurement differs from the predicted value, with a z-score of Ϫ1.645 corresponding to the 5th percentile of the Data are means Ϯ SD. DLNO and DLCO,dual, dual lung diffusing capacity for NO and CO; TLCpleth, plethysmographically-determined TLC; DMCO,ϱ and VC,ϱ, alveolar membrane conductance for CO (DMCO) and pulmonary capillary volume (VC) calculated by assuming an infinite (ϱ) value for NO specific blood conductance (NO); DMCO,7.66 and VC,7.66, DMCO and VC calculated by assuming a finite value for NO. Pair of symbols (*, †, ‡) indicates statistically significant pairwise differences between groups by Holm-Sidak or Dunn's method. Other abbreviations are as given in Table 1 . Data are means Ϯ SD. GGA, ground glass attenuation; RO-HC, reticular opacities and honeycombing. Other abbreviations are as given in Table 1. reference population and assumed as the lower limit of normal (LLN) (38, 39 ). An unpaired t-test was used for comparisons of IIPs patients vs. control group. One-way analysis of variance (ANOVA), with Holm-Sidak or Dunn's post hoc tests for multiple comparisons, was used for testing between-group (controls, UIP-IPF, and NSIP) differences. Simple (r) and squared (R 2 ) Pearson's correlation coefficients were used to assess the degree of association between variables. The analysis of covariance (ANCOVA) was used to compare regression lines by testing the effect of the categorical factor UIP-IPF or NSIP on each dependent variable while controlling for the effect of a continuous covariate. To assess inter-rater agreement for CT scans reading, a Cohen's weighted kappa coefficient (K) with 95% confidence interval (95% CI) was used (MedCalc Statistical Software, Version 15.8, Ostend, Belgium). Data are reported as means Ϯ standard deviation (SD), with P Ͻ 0.05 being considered statistically significant.
RESULTS
The mMRC dyspnea score was significantly (P Ͻ 0.001) higher in UIP-IPF (2.83 Ϯ 0.75) than NSIP (1.87 Ϯ 1.04) patients.
Standard lung function. Spirometry, lung volumes, and DL CO,stand were significantly (P Ͻ 0.001) reduced in the whole IIPs group compared with matched controls (Table 1) . Absolute values of forced vital capacity (FVC), forced expiratory volume in 1 s (FEV 1 ), and total lung capacity (TLC) were significantly (P Ͻ 0.001) lower in UIP-IPF than NSIP patients. There were no significant differences in arterial blood gases although the partial pressure of oxygen in arterial blood (PaO 2 ) tended to be less in UIP-IPF than NSIP (P ϭ 0.07).
DL NO , respectively; P Ͻ 0.001 for both) and significantly (P Ͻ 0.001) lower in UIP-IPF than in NSIP. Both V C,ϱ (37.8 Ϯ 23.3 ml) and V C,7.66 (28.1 Ϯ 17.2 ml) were significantly decreased in IIPs compared with controls (67.3 Ϯ 22.5 and 50.1 Ϯ 16.7 ml, respectively; P Ͻ 0.001), but did not significantly differ between UIP-IPF and NSIP patients (P Ͼ 0.05). As for DL NO absolute values, correction for lung volume abolished differences between UIP-IPF and NSIP but not differences between patients and control subjects.
Chest CT scan. Total lung tissue density was significantly (P ϭ 0.006) higher in UIP-IPF than in NSIP patients (Table 3) . Because the between-observer agreement was good for both GGA (K ϭ 0.77; 95% CI: 0.70 -0.83) and RO-HC (K ϭ 0.72; 95% CI: 0.63-0.80) % volumes, the mean values were used for analysis. GGA % volume was significantly larger in NSIP than UIP-IPF (P ϭ 0.006) whereas RO-HC % volume was significantly (P Ͻ 0.001) larger in UIP-IPF than NSIP.
Relationships between lung diffusing capacity and CT data. For the whole IIPs group, total lung density was weakly correlated with DL CO,stand (R 2 ϭ 0.12; P ϭ 0.007) and DL NO (R 2 ϭ 0.11; P ϭ 0.011) but insignificantly with DL CO,dual (R 2 ϭ 0.06; P ϭ 0.06). For patients, both DL CO,stand and DL CO,dual were negatively correlated with RO-HC extent (R 2 ϭ 0.51 and 0.48, respectively; P Ͻ 0.001) but the former was above the LLN (z-score Ͼ1.645) in 10 patients and the latter in 15 patients (Fig. 2) . DL NO decrement was also negatively correlated with RO-HC extent (R 2 ϭ 0.71; P Ͻ 0.001) but with significantly steeper slope and a more negative y-intercept than DL CO,stand or DL CO,dual (P Ͻ 0.001 for all comparisons). More importantly, none of UIP-IPF or NSIP patients did show a DL NO above the LLN. No significant correlations were found between GGA % volume and DL CO,stand (R 2 ϭ 0.03; P ϭ 0.20), or DL CO,dual (R 2 ϭ 0.02; P ϭ 0.32), or DL NO (R 2 ϭ 0.01; P ϭ 0.50), and there were no significant interactions between dependent variables and disease group (P ϭ 0.76).
DM CO,ϱ z-score values showed a strong negative correlation with RO-HC % volume both in UIP-IPF (R 2 ϭ 0.86; P Ͻ 0.001) and NSIP (R 2 ϭ 0.79; P Ͻ 0.001) whereas V C,ϱ decrement was correlated with RO-HC % volume in UIP-IPF (R 2 ϭ 0.48; P Ͻ 0.001) but not in NSIP patients (R 2 ϭ 0.05; P ϭ 0.25) (Fig. 3) . More importantly, the V C,ϱ z-score was above the LLN in 13 UIP and 17 NSIP patients.
When considered as absolute values, strong correlations were found in all subjects between DM CO,ϱ and DM CO, 7.66 (r ϭ 0.92; P Ͻ 0.001) as well as between V C,ϱ and V C,7.66 (r ϭ 1.00; P Ͻ 0.001) (Fig. 4) . In patients, DM CO,ϱ and DM CO, 7 .66 also correlated with RO-HC (R 2 ϭ 0.33 and R 2 ϭ 0.43, respectively; P Ͻ 0.001 for both) but this was not the case for V C,ϱ and V C,7.66 (R 2 ϭ 0.03; P ϭ 0.25 for both) (Fig. 5) . Correcting for V A did not substantially alter the relationships between RO-HC and DM CO or V C (Fig. 6 ).
DISCUSSION
The main findings of the present study are that in IIPs 1) DL NO was below the LLN in all patients irrespective of extent and nature of disease, and its decrement was more closely correlated with RO-HC amount than either DL CO,stand or DL-CO,dual ; 2) DM CO loss was also closely correlated with RO-HC extent and always below the LLN in both UIP-IPF and NSIP; and 3) V C was weakly correlated with RO-HC extent in UIP-IPF and uncorrelated in NSIP, with normal values in half of patients.
Comments on methodology. This study was carried out by DL NO -DL CO,dual measurement and subsequent derivation of DM CO and V C values (9, 22) . This technique has been proposed as an alternative to solve the classical Roughton and Forster equation (44) with a single maneuver by simply adding NO to CO as a marker gas. In this analysis, NO values have been assumed as either infinite (4, 22, 34) or finite (4, 7, 8, 34) . Even though recent data in vivo (7, 8) pointed out that a value of 4.5 ml NO·ml blood Ϫ1 ·min Ϫ1 ·mmHg Ϫ1 (10) may be considered as the most appropriate, the much higher overall affinity and, more importantly, faster reaction rate of NO than CO with free HbO 2 (35) makes the assumption of a negligible erythrocyte resistance to NO justified for clinical purposes (24) . This view is further supported by the present findings of DM CO,ϱ and V C,ϱ being strictly and linearly correlated with DM CO,7.66 and V C,7.66 , respectively.
The present study has some methodological limitations. First, only 7 of 60 IIPs patients underwent a surgical lung biopsy to confirm UIP-IPF or NSIP diagnosis. However, in our series of patients we used a multidisciplinary approach by integrating clinical, high-resolution CT scan and functional data as recommended by current international statement (45) . Previous studies have shown that this approach has a good agreement with histopathological criteria for both UIP-IPF and NSIP pattern, which makes surgical lung biopsy not essential for diagnosis (16, 25, 41) . Second, our method of visual lung segmentation of CT scan has not been validated against histopathologic scoring in IIPs. However, the interobserver reliability of our method was substantial and K-values very similar to those obtained in previous studies using a semiquantitative scale to assess the degree of ground glass attenuation and fibrotic changes (15, 26) . A more complete evaluation of pathological changes in IIPs could be obtained by the analysis of CT-attenuation histograms over the whole lung but studies using this approach failed to show superiority to visual analysis in separating GGA and RO-HC (6, 12, 27) . Because honeycombing is a mixture of high-and low-attenuation areas, the average density may not give correct information on RO-HC, which is the fundamental alteration of UIP-IPF (12, 49) . Moreover, algorithm-based segmentation failed to include subpleural space, which is a major site of RO-HC in UIP-IPF (12) . For these reasons, visual segmentation has been used as a reference for the validation of segmentation algorithm to separate GGA from fibrosis (6, 12, 27, 51) . Third, we used breath-hold times of ϳ5 s for DL NO -DL CO,dual and 9 -11 s for DL CO,stand measurements, respectively. The shorter breathhold time of the dual method is the standard for the commercially available systems using electrochemical cell-based analyzers and has been used to generate the only available European predicting equations (1). However, the absolute values of DL CO,stand and DL CO,dual were strongly correlated between each other (r ϭ 0.96; P Ͻ 0.001, data not shown). Fourth, recent data suggest that 40 ppm of NO inhaled could attenuate the hypoxic pulmonary vasoconstriction and potentially complicate the interpretation of pulmonary diffusion data (3). However, these effects were noted in healthy humans with local PAO 2 Ͻ 60 mmHg (20) , thus well below the range of 100 Ϯ 4 mmHg calculated in our patients. In addition, Zavorsky et al. (52) have shown that NO inhaled during sequential single-breath maneuvers has no effect on DL NO and the derived DM CO and V C values.
Comments on results.
In a recent study, Wémeau-Stervinou et al. (50) did not show any correlation between DL CO components and either ground glass or interstitial scores in a lumped group of patients with UIP-IPF or NSIP. The present study also showed no correlation between ground glass extension and DL CO components but, at variance with the above report, strong correlations were found between DL NO and DM CO decrements and fibrotic changes extent. This discrepancy may be explained by methodological differences. First, the present study was not based on a subjective scoring system but used a volumetric assessment of fibrosis that was only in part observer-dependent. Second, the range of fibrosis extent in the present study was determined at six instead of three levels down the lung and the resulting range of fibrosis extent was much larger than in the previous study, thus more suitable for correlation analysis. Third, in the present series of patients DL CO and V C values were corrected for [Hb meas ] and [COHb meas ] rather than using [Hb stand ]. Fourth, diffusion data in the present study were expressed as z-score values instead of absolute values, which are age-, sex-, and height-biased. Indeed, when absolute values were used in the present study the correlations between DM CO and RO-HC were substantially weaker than using z-scores.
Clinically relevant findings of the present study are that both DL CO,stand and DL CO,dual measurements were insensitive to the presence of fibrosis with an extent as large as 35% of lung parenchyma, whereas DL NO was below LLN in all patients and above it in all controls. Thus, using a z-score of Ϫ1.645 as a cut-off value, DL NO had 100% sensitivity and specificity for RO-HC whereas DL CO,stand and DL CO,dual had also specificity of 100% but sensitivity of 83% and 75%, respectively. This difference was apparently due to the variability of V C , which was within the range of normality in a nonnegligible number of patients. Because, CO is a gas mainly weighted by reaction limitation with blood Hb rather than diffusion across alveolar membrane (9, 22, 34) , a preserved or increased V C may mask the effect of fibrotic changes on DL CO . The reasons for variable V C values are a matter of speculation. One possibility could be that capillary blood flow is diverted away from lung regions with hypoxic vasoconstriction to normoxic regions (2) or from obliterated vessels to nonfibrotic regions (28) . Thus the net effect on total V C would be determined by the relative contribution and prevalence of these compensatory mechanisms of vascular anatomic derangements. A more specific physiological assessment of alveolar membrane diffusion can be provided by using NO, the transport of which is virtually independent of reaction with Hb (7, 8) . DL NO and DM CO decrements were greater in UIP-IPF than NSIP patients, suggesting a greater increment of barrier thickness or a greater loss of alveolar surface area due to more severe fibrotic changes in the former (21) . The fact that DL NO /V A values were not differently decreased in UIP-IPF and NSIP suggests that the major difference between these two diseases was a greater reduction in lung volume, as also shown by the different values of TLC. According to current guidelines on UIP-IPF (40), a reduction of DL CO values below 40% of predicted is considered as a poor prognostic index, more than FVC (29, 31) or other lung function parameters including TLC, P(A-a)O 2 and maximum O 2 uptake (11). In the present series, 37 of 60 patients showed DL NO but not DL CO,stand values Ͻ 40% of predicted and 30 had a DL NO but not DL CO,stand z-score Ͻ Ϫ3 (Fig. 7) .
The results of the present study suggest that ground glass regions have no significant effects on DL NO and DL CO . The lack of correlation between pulmonary diffusion data and GGA might reflect a compensatory increase in blood flow to nonfibrotic inflamed or edematous regions (2, 28) .
Conclusions. The results of the present study show that DL NO measurement may provide a more sensitive evaluation of fibrotic changes than DL CO,stand in either UIP-IPF or NSIP. An advantage of DL NO is that it resulted in a value below the LLN when the extent of fibrosis was as small as ϳ10% of lung volume, which was not always the case for DL CO . The present findings may represent a rationale for longitudinal studies to evaluate the usefulness of DL NO for prognosis and follow-up in IIPs patients.
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